Many statistical experimental designs are too costly or require too much raw material to be feasible for lab-scale fiber spinning experiments. In this study a four-factor response surface design is presented to study the fiber spinning process in detail at the lab scale. The time, cost, and amount of raw material required to execute the proposed design are compared to the typical completely randomized 2 4 factorial design used in fiber spinning experiments and also to a standard four-factor response surface design. Sample fiber data as well as analysis from a typical statistical software package is provided to further demonstrate the differences between each design. By designating some treatment factors in the design as hard-to-change, split-plotting is used to reduce the time, cost, and amount of raw material required to complete the experiment. The proposed split-plot design is faster and less expensive than a typical factorial design and has the advantage of fitting a more complex second-order model to the system. When compared to a standard response surface design, the proposed split-plot design provides the same second-order modeling capabilities but reduces the cost of the experiment by 53%, the total time by 36%, and the amount of polymer required by 24%. Thus, a split-plot response surface design based on hard-to-change factors is recommended in lab-scale spinning.
INTRODUCTION
Lab-scale experiments are important in the development of new fibers and spinning processes because they allow researchers to study the fiber formation process under more controlled and managed conditions and with less time and cost than is possible with large-scale equipment. However, the low capacity and relatively short operating times of lab-scale equipment limit the number of runs that can be conducted during the experiment and make it difficult to conduct experiments with many factors (e.g., speed) and levels (e.g., slow and fast) . In addition, the random assignment of the factor levels to experimental runs must be considered for an appropriate statistical analysis to be conducted on the resulting experimental data. A design that is completely randomized indicates that factor levels are completely reset between runs, which makes many statistical designs impractical for lab-scale finer spinning experiments since many factors of interest are difficult or costly to change and reset. Thus, the basis for this research is a statistical experimental design that is feasible and practical for lab-scale spinning experiments.
Traditionally the fiber spinning process has been studied using a one-at-a-time approach by varying the levels of a single treatment factor while keeping the levels of all other factors constant. The experiment would then be repeated for each factor of interest until all factors had been studied. This type of experiment is not only costly and inefficient to run, it also only provides limited information about the process as interaction effects between the factors are not studied [1] . Some fiber spinning processes such as melt spinning of polypropylene and wet spinning of acrylic have been studied using factorial designs [2] [3] [4] , but the details of the experiment (e.g., randomization, replication, blocking) are unspecified or unclear, which leads to a lack of reproducibility.
The lack of knowledge regarding randomization, replication, and blocking can lead to improper analysis of the experimental data. The standard analysis of a two-level factorial design that is common in many scientific and industrial studies requires complete randomization and resetting of the treatment factor levels. In many cases, changing the levels of certain factors may be too costly or time consuming to allow for complete randomization so the experiment will be run with the levels of these hard-to-change factors fixed before resetting the experiment and moving on to the next level.
When the levels of the factors are not completely reset as in the example above, the experiment takes on a statistical design known as a split-plot that requires a different statistical analysis than a completely randomized design. In a split-plot design, the treatments are applied at different times or stages during the experiment resulting in experimental units or plots of different sizes Figure 1 [1] . In the case above, the researcher inadvertently created a spiltplot design by first applying the hard-to-change treatments to create large whole plots and then applying the easy-to-change treatments to smaller subplots. Unless the split-plot structure is accounted for in the statistical analysis of the experimental data, the researcher may draw incorrect conclusions about the effects of the treatment factors [1, 5] . If the factors of the experiment are recognized as either easy-to-change (ETC) or hard-to-change (HTC) before the experiment, split-plotting can be used to limit the number of full resets between runs and create a more efficient experiment [6, 7] . This split-plot approach can also be applied to more advanced experimental designs like response surface designs [8] to create highly powerful and efficient experiments that can be used to study the fiber spinning process in great detail.
To demonstrate the benefits of a split-plot design, a four-factor response surface experiment for studying a lab-scale wet-spinning process will be designed and compared to a completely randomized 2 4 factorial design and a standard four-factor response surface design. The experimental design will be established so that the lab experiment can be conducted in a single day or shift. By setting up the experiment in this manner, the impact of nuisance factors such as multiple operators, environmental changes, and excessive down time between runs may be decreased or prevented. The total volume of polymer solution required for the experiment should be less than or equal to the capacity of the lab-scale equipment to prevent a multiple batch effect on the results. Each experimental run should also produce a sufficient length of testable yarn.
METHODS
A typical lab-scale wet spinning line Figure 2 consists of three zones: (A) spinning, (B) drawing, and (C) take-up [9] . The spinning zone includes a polymer tank to hold the polymer solution during spinning and a metering pump to deliver an accurate amount of polymer solution to the spinneret. The spinneret contains many small holes that form the individual filaments of the yarn as the solution is pumped through the device. The liquid solution is solidified in the coagulation bath and excess solvent is removed by a wash roll. The drawing zone consists of a heated wash bath to assist in the drawing process and solvent removal. This zone also has a drying roll to remove excess moisture from the yarn before it enters the final take-up zone where it is wound onto a yarn tube using a tension-controlled winder. The process conditions (solvent, speed, etc.) in the spinning and drawing zones will affect the structure and properties of the final fiber and are often used as treatment factors in experimental designs. The length of fiber produced and the time required to complete the experiment are also dependent on the spinning conditions and the speed of the final take-up. 
Line And Experimental Parameters
To determine the appropriateness of several experimental designs for a lab-scale spinning line, the parameters listed in Table I will be considered. 
Note that in Eq. (3), the take-up velocity (V L ) is the same as the average extrusion velocity (V 0 ) so that the yarn is not stretched during rethreading (V L = V 0 ).
Time Calculations
The total time required to complete the experiment can be calculated using the parameters in Table I and the following equations:
where T r is the time required to collect samples for each experimental run.
where T R is the total time to collect samples from all experimental runs.
where T b is the time required to change HTC factors and reset line for each block.
where T B is the time required to change HTC factors and reset line for all b blocks.
where T E is the total time required to complete experiment. The time required to change the ETC factors is considered negligible and is not included in the calculation of T E .
Polymer Solution Calculations
The total volume of polymer solution required to complete the experiment can be calculated using the aforementioned time calculations, the spinning parameters listed in Table I , and the following equations:
where M r is the volume of polymer solution required for each experimental run.
, , (10) where M R is the volume of polymer solution required for all experimental runs.
where M b is the volume of polymer solution wasted for each block reset of the experiment and
where M B is the volume of polymer solution wasted for all b block resets.
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where M E is the total volume of polymer solution required to the experiment. Because the time required to change the ETC factors is negligible, the volume of polymer wasted during the change is also considered negligible and is not included in the calculation of M E .
General Cost
In addition to the time and polymer solution required to carry out the experiment, other costs such as the cost of supplies, raw materials, or utilities should also be considered and can be expressed in terms of actual dollars or as a generic cost unit C. The cost to change the levels of the HTC and ETC factors can then be calculated based on a simple cost model using the following equations [6] :
where C R is the general cost associated with changing all ETC factors, C r is the general cost unit to change each ETC factor, and r is the number of experimental runs.
where C B is the general cost associated with changing all HTC factors, C b is the general cost unit to change each HTC factor, and b is the number of blocks (full resets).
where C E is the general cost of changing the HTC and ETC factors in the experiment.
RESULTS AND DISCUSSION

Example: Wet Spinning with 2 Hard-to-Change Factors and 2 Easy-to-Change Factors
Consider a four-factor lab-scale wet spinning experiment to study the effect of two coagulation additives and two stretch ratios on the initial modulus (Y) of the resulting fibers. Changing the coagulation conditions requires a full reset of the spin line, meaning that the coagulation tank must be emptied, cleaned, and refilled with a new coagulation mixture and that the line must be rethreaded before the each run; thus, the two coagulation factors (A and B) are designated as hard-to-change (HTC). The levels of the two stretch ratios (C and D) can be easily changed and reset while the line is running; thus, these factors are designated as easy-to-change (ETC). By utilizing a split-plot response surface design, this experiment can be efficiently conducted at the labscale to provide a detailed model of the effects of processing conditions on initial modulus. To demonstrate the benefits of this design, the data from a wet-spinning spinning experiment was analyzed as both a completely randomized 2-level full factorial with replicated center points (Design I) and a response surface design (Design II). The results of Designs I and II were compared to the conducted split-plot response surface design (Design III).
The lab-scale wet-spinning line used has a much smaller capacity and throughput than a typical fullscale production-scale line. The capacity of the polymer tank of the lab-scale line (M L ) is only 1 L (1000 mL) and the flow rate of the metering pump (Q) is 1 mL/min, which is 50-100 times less than some production lines [11] . The spinneret used in lab-scale experiments is also much smaller than a typical production spinneret containing only 20 holes (N n ) each with a diameter of 0.015 cm (D h ) resulting in an average extrusion velocity (V 0 ) of 2.83 m/min Eq. (1). A typical production spinneret could have hundreds of holes and have an extrusion velocity 10 to 20 times higher than the lab-scale line [11] . The length of the lab-scale spin line (L L ) is 36 m; thus, the time to rethread the line (T L ) is 12.7 min since the speed of the takeup roll (V L ) is the same as V 0 during rethreading Eq. (3). Because the pump runs at 1 mL/min, 12.7 mL of the polymer solution is required to rethread the line before each block (M b ). Twenty minutes are required to change the levels of the HTC factors (T HTC ) and when combined with the time to rethread the line (T L ), the total time lost per block (T b ) is 32.7 minutes. Each run should produce a minimum of 50 m of testable fiber to allow for characterization techniques such as tensile testing and examination of the fiber cross-sections to be performed. These processing parameters are summarized in Table II . 4 factorial design is an experimental design in which four factors each having two levels are run in combinations to study the joint effect of the factors on the response [1] . The two levels of each factor are general coded as "-1" for the "low" level and "1" for the "high" level of the factor. In order to perform hypothesis tests for the effects of the factors, the experimental error must be estimated by replicating some or all of the experimental runs. A common practice is to augment the factorial design with replicated center points (coded as "0") midway between the low and high levels of the design rather than replicate all of the runs [1, 12] . The coded and uncoded levels of each factor are listed in Table III . To calculate the time and amount of polymer needed to complete the experiment, the total stretch ratio (S) of each experimental run is first determined by multiplying the spin-stretch ratio (Factor C) and the draw-stretch ratio (Factor D) for each experimental run. The final take-up velocity (V L ) for each run is then calculated by multiplying the average extrusion velocity (V 0 =2.83 m/min) by S Eq. (2). The time and amount of polymer required for each experimental run (T r and M r ) can then be calculated using Equations 4 and 9, respectively. The individual times and amounts are then summed over all runs resulting in a total time of T R = 341.6 min and a total amount of polymer M R = 341.6 mL required to collect samples from all experimental runs. Because the pump is operating at 1 ml/min, the time and amount of polymer will have the same value (i.e., 1 minute of operating time requires 1 mL of polymer). The coded factor levels, resets, and resulting cost parameters and initial modulus response results (data collected during the execution of Design III) for each experimental run are listed in Table IV . Since a complete reset is required between each experimental run to ensure randomization, a total of 22 complete resets (which requires the additive mixture to be dumped 22 times and the machines to be completely shut down) are required for this design; thus the total time lost to change the HTC factors and reset the line is T B = 719.4 min (12.0 hours) Eq. (7) Factorial designs can be analyzed using a procedure called analysis of variance (ANOVA) that is commonly performed in many statistical software packages. The resulting ANOVA can then be used to construct a model for the experiment and determine which treatment factors are significant in the model. Since each factor in a two-level factorial design has only two levels, only linear effects (i.e., first order models) can be estimated with this type of design. The addition of center points to the design can be used to detect curvature of the linear model, which is an indication that a higher order model should be used to describe the data [1] .
The data for Design I was analyzed using the proc glm procedure of the SAS/STAT software, Version 9.1 of the SAS System for Windows [13] . The resulting ANOVA table including a test for curvature [1] is listed in Table V with the estimated treatment effects listed in Table VI . The significance of each effect is determined by comparing the effect estimate to its standard error using a t-test [1] with a critical t value of 2.201 at α=0.05. The effects are displayed graphically by the Pareto chart in Figure 3 showing the t value for each factor in relation to the critical t value and by the main effect plots in Figure 4 . The analysis revealed that ETC-D has the greatest effect on Y followed by ETC-C, and that both have an increasing effect. There is also no evidence of curvature in the model indicating that a first order model is appropriate. The time and amount of polymer necessary for Design II are calculated in the same manner as for Design I resulting in T R = 466.4 min (7.8 hours) and M R = 466.4 mL. The coded factor levels, resets, and resulting cost parameters and initial modulus response results (data collected during the execution of Design III) for each experimental run are listed in Table VIII . Design II requires a total of 30 complete resets (8 more resets than in Design I); thus more time is lost changing the HTC factors and resetting the line (T B = 981.0 min (16.4 hr) ) (Eq. 7), and more polymer is wasted (M B = 381.0 mL) (Eq. 12) than for Design I. The total time of the experiment for Design II is T E = 1447.4 min (24.1 hr) (Eq. 8) and the total amount of polymer is M E = 847.4 mL (Eq. 13). The general cost for all experimental runs is 30 cost units (Eq. 14) and 3000 cost units for all line resets (Eq. 15) making the general cost of the experiment for Design II (C E ) 3030 cost units.
the ANOVA (Table IX) revealed that a second-order model is a better fit than the first-order model indicated by Design I. In addition, all four main factors, HTC-A, HTC-B, ETC-C, and ETC-D, have a significant effect on Y with ETC-C and ETC-D having the greatest effect at α=0.05 (Table X and Figure 5 ). The main effects plot ( Figure 6 ) and contour plots of factors ETC-C and ETC-D versus predicted values of Y (Figure 7) illustrate the secondorder relationship. 
Design III: 4-Factor Split-Plot Response Surface Design with Non-Random Center Points
To decrease the number of complete resets required for Design II, a split-plot structure can be utilized by blocking (grouping) the experimental runs that have the same combinations of levels of the two HTC factors. For example, all runs that contain both the low level of HTC-A (-1) and the low level of HTC-B (-1) would fall into the same block. The remaining runs are then assigned to separate blocks in the same manner with each block representing a complete reset of the spin line. The blocking structure of Design III is listed in Table XI and illustrated in Figure 8 .
Rather than combining all six replicated center points into a single block, the center points can be run independently and distributed throughout the design and can be used to provide information about the stability of the process over time in addition to appropriately estimating the experimental error [12] . For example, the center points in runs 26-30 in 
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The individual treatment runs in Design III are identical to those in Design II; therefore, the time and amount of polymer calculations are also the same (T R = 466.4 min (7.8 hours) and M R = 466.4 mL). However, Design III only requires 14 complete resets, thus the total time lost to changing the HTC factors and resetting the line (T B ) and the total amount of polymer wasted (M B ) are less than the lost time and wasted polymer in Design II (457.8 min and 177.8 mL, respectively). When added to the time and amount of polymer necessary for each run, the total time of the experiment (T E ) is 942.2 min (15.7 hours) and the total amount of polymer required (M E ) is 644.2 mL. The general cost for all experimental runs in Design III is the same as Design II at 30 cost units (Eq. 14) but the cost for all resets is much less at 1400 cost units, begetting the general cost of the experiment much less at 1430 cost units.
Since Design III is in a split-plot arrangement, a mixed-model analysis must be used to determine the treatment effects and the effect of the blocking factor. For this experiment, the proc mixed function of SAS software, Version 9.1 [13] , was used, and it was found that blocking did not have a significant effect on the experiment as indicated by a covariance parameter estimate of zero. Thus, the treatment effects can be estimated using the same response surface analysis as Design II, which results in identical parameter estimates for the two designs [5] .
Summary of Designs
The total time, the cost of the experiment, and amount of polymer required for each design is summarized in Table XII and in Figure 9 . Design III requires the least amount of time and cost to complete and requires only slightly more polymer than Design I. Design III is also capable of fitting a second-order model while Design I is limited to a first-order model. While Design II is also capable of fitting a second-order model, the split-plot structure of Design III reduces the cost of the experiment from Design II by 53%, the total time by 36%, and the amount of polymer required by 24%. Highest Order Model 1st-order 2nd-order 2nd-order FIGURE 9. Comparison of the total time, amount of polymer, and cost for completing each of three experimental designs.
CONCLUSIONS AND RECCOMMENDATIONS
As evidenced by the wet-spinning example provided, a split-plot response surface design based on hard-tochange factors has many advantages over completely randomized designs for studying lab-scale fiber spinning processes. The improved modeling capabilities of the response surface design combined with the cost reductions of the split-plot structure can be utilized to study lab-scale processes in greater detail and with less time, raw materials, and cost than would otherwise be possible with completely randomized designs. In the example provided, a splitplot response surface design was used to provide a detailed second-order model for the effect of spinning conditions on initial modulus while minimizing the time, cost, and raw material requirements that would have otherwise complicated the implementation of the experiment at the lab scale. In the past, similar lab-scale experiments might have been conducted without completely resetting the factor levels in between each run in order to reduce the cost and time of the experiment. However, the subsequent statistical analysis could result in biased estimates and results since randomization of the design was restricted [5, 7] . Thus a split-plot design based on hard-to-change factors such as the one described in this research provides an ideal solution for experimental design at the lab-scale. While this research focused on the wet-spinning process, other lab-scale textile processes such as melt spinning and yarn formation could also benefit from the splitplotting technique.
